Abstract This paper investigates the adsorption characteristics of palm oil boiler mill fly ash (POFA) derived from an agricultural waste material in removing Cd(II) and Cu(II) from aqueous solution via column studies. The performance of the study is described through the breakthrough curves concept under relevant operating conditions such as column bed depths (1, 1.5, and 2 cm) and influent metal concentrations (5, 10, and 20 mg/L). The Cd(II) and Cu(II) uptake mechanism is particularly bed depth-and concentration-dependant, favoring higher bed depth and lower influent metal concentration. The highest bed capacity of 34.91 mg Cd(II)/g and 21.93 mg Cu(II)/g of POFA was achieved at 20 mg/L of influent metal concentrations, column bed depth of 2 cm, and flow rate of 5 mL/min. The whole breakthrough curve simulation for both metal ions were best described using the Thomas and Yoon-Nelson models, but it is apparent that the initial region of the breakthrough for Cd(II) was better described using the BDST model. The results illustrate that POFA could be utilized effectively for the removal of Cd(II) and Cu(II) ions from aqueous solution in a fixed-bed column system.
Introduction
Wastewater contamination by toxic heavy metals is a global environmental issue due to rapid development and industrialization (Sharma and Singh 2013) . Apparently, the increasing heavy metal concentration can cause severe health hazard due to their toxicity, non-biodegradability, and bioaccumulation tendency in living organisms. Heavy metals, namely cadmium and copper have been recognized as hazardous pollutants. Cadmium is a known toxic metal and one of the naturally occurring constituents in the earth's crust and water (Bernard, 2008) . Cadmium emissions usually originated from two major sources which are natural and man-made or alternatively known as anthropogenic sources. Cadmium is widely found in the environment due to general waste disposal and resulting from various industrial activities namely from the metal industry, coating/electroplating, mining, burning of fossil fuels, also batteries production and deposition (Naiya et al. 2009 ). The permissible limit for cadmium in drinking water is 0.003 mg/L in close reference to the guideline value recommended by the World Health Organization (WHO 2011). In 1960s, intensive studies regarding the effect of cadmium exposure on human health has been conducted worldwide due to the following outbreak of the Itai-itai disease in Japan (Hagino and Yoshioko 1961) . Toxicological studies indicate chronic cadmium effects include renal damage, lung damage, bone disease, liver disfunction, and reproductive toxicity. Short-term effects caused by cadmium exposure include nausea, vomiting, diarrhea, and cramps (Naiya et al. 2009; Bernard 2008) .
Copper is one of the trace elements regarded to be essential for biosynthesis in the human body and is a well-known micronutrient for flora and fauna (Hasfalina et al. 2012; Futalan et al. 2011) . However, excessive copper intake by humans can bring about hepatic and renal failure, severe mucosal irritation, pervasive capillary damage, and central nervous system complications (Larous et al. 2005) . Copper can be released to the environment through natural and anthropogenic sources. Commonly, it enters the water bodies via wastes and run off from industrial processes such as electroplating, plastic manufacturing, copper polishing, and mining activities (Futalan et al. 2011) . As recommended by the WHO, the maximum acceptable concentration level of copper in drinking water is 2.0 mg/L. Today, various wastewater treatment technologies are available, including conventional methods such as adsorption, chemical precipitation, coagulation, reverse osmosis, membrane filtration, and sedimentation (Naiya et al. 2009; Wang et al. 2010; Hasfalina et al. 2012) . However, the conventional treatment methods are expensive due to their complex operation systems and high utilization of chemicals.
The superiority of adsorption to other wastewater treatment techniques rests in its low energy requirements, simplicity of design, versatility, easy operation, and potential metal recovery (Naiya et al. 2009; Wang et al. 2010; Futalan et al. 2011) . The role of adsorption using agricultural by-products had been critically investigated in recent years in order to produce cheaper and more effective adsorbents in removing various pollutants from the wastewater. There are numerous types of agricultural by products which have been used for heavy metal removal that include rice straw (Sharma and Singh 2013) , coir pith (Bharathi et al. 2011) , corn stalk (Chen et al. 2012) , kenaf fibres (Hasfalina et al. 2012) , sawdust (Larous et al. 2005) , Ficus religiosa leaves (Qaiser et al. 2009) , and bamboo charcoal (Wang et al. 2010) . These agricultural by-products would be most ideal since these materials are cheap, renewable, non-hazardous to the environment, easily available, and abundant in its natural environment (Demirbas 2008) .
Elaeis guineensis or oil palm is a species most substantial in the Elaeis genus belonging to the family of Palmae (Teoh 2002) . Despite it being indigenous in west Africa, now it is grown across the tropical areas of the world. Apparently, it has become the most crucial industrial crop especially in certain Southeast Asian countries namely Malaysia, Indonesia, and Thailand. In 2006, Malaysia was named the second largest producer of palm oil with 15.88 million tonnes or 43 % of the total world supply (Shuit et al. 2009 ). However, this important economic activity generates a huge amount of effluent which could pollute the environment if not properly treated (Ahmad et al. 2011) . It is also predictable that for every ton of crude palm oil produced; approximately 2.5 to 3.5 tons of palm oil mill effluent (POME) is generated. Hence, it can be expected that 26.8 to 39.12 million tons in the form of shell and fibres are produced annually.
This biomass waste is usually used as boiler fuel in steam generation for palm oil mill consumption (Foo and Hameed 2009) . As a result, thousands of tons of ash will be produced after the combustion of this solid waste. In fact, the potential production of palm oil ash in Malaysia alone is considered to be four million tons annually (Mohamed et al. 2006) . Hence, the utilization of such ash for waste water treatment is most desirable as well as economical. Firstly, palm oil ash is available in huge quantities at no or very low cost; secondly, the disposal of this ash normally poses serious environmental issues in Malaysia. It is these distinctive characteristics that make POFA more superior and beneficial as compared to other conventional adsorbents. Nevertheless, there is a paucity of researches regarding the use of POFA as a natural low-cost adsorbent, and most studies mainly lend focus on the metal ions adsorption capacity in the batch adsorption experiments.
What is most important is that, in practical wastewater treatment process, continuous fixed-bed adsorption experiments are most likely preferable, and the experimental data obtained from the studies are important for industrial applications (Baral et al. 2009 ). The objective of this study is to assess the performance and breakthrough curve characteristics of the POFA for the removal of Cd(II) and Cu(II) from aqueous solution via continuous fixed-bed system. The effects of relevant parameters such as column bed depth and influent metal concentration were investigated using a laboratory scale fixedbed column. The adsorption mechanisms of Cd(II) and Cu(II) onto the POFA were analyzed using the Bed Depth Service Time (BDST), Thomas, and Yoon-Nelson models for the purpose of describing the column's dynamic behavior.
Materials and methods

Preparation and characterization of palm oil boiler mill fly ash
In this study, palm oil boiler mill fly ash (POFA) provided by LCSB Lepar Oil Palm Mill was utilized for the removal of Cd(II) and Cu(II) from aqueous solution. The POFA was washed with deionized water for several times and later on heated at 250°C for 24 h to remove any moisture content and surface impurities from the adsorbent's surface. The POFA was heated at a temperature of 250°C as to increase the specific area of the adsorbent and also to improve its adsorption properties. The heated POFA was then sieved using a test sieve shaker (Octagon 200, Endecotts, England) to desired mesh size (75-500 μm) and stored in a vacuum desiccator for further analysis. The Brunauer-Emmette-Teller (BET) and Barrett-JoynerHalenda (BJH) method analyses were adopted in determining the surface area, pore volume, and pore size distribution using an automated gas sorption system (Autosorb-1, Quantachrome, USA). Spectral analysis using Fourier Transform Infrared (Spectrum 100 FT-IR, PerkinElmer, USA) was used to gain some information over the interaction of adsorbate and the functional groups on the surface of the POFA. Further procedures used to determine the characteristics of POFA can be referred to our earlier work (Aziz et al. 2014 ).
Chemicals and reagents preparations
The entire chemicals utilized in the study were of analytical grade and supplied by Fisher Scientific (Malaysia) Continuous fixed-bed adsorption study
The adsorption mechanism and breakthrough curve of Cd(II) and Cu(II) was determined through continuous fixed-bed adsorption studies. The studies were conducted in a column made of acrylic glass tube with an internal diameter of 1.1 and 50 cm in length. A layer of glass wool with 1 cm thickness was placed at the bottom of the column to prevent the adsorbent from leaching out into the drainage area, as well as on the top of the column as to provide a uniform flow of the solution through the column (Hasfalina et al. 2012) . The POFA was packed in the column at a known quantity to yield the desired bed depth of 1, 1.5, and 2 cm (equivalent to 0.5, 0.75, and 1 g of POFA). Known concentration of Cd(II) and Cu(II) solutions (5, 10, and 20 mg/L) at pH 6.7 and 5.1, respectively, was pumped in a down flow mode at a constant flow rate of 5 mL/ min operated using a peristaltic pump (Masterflex, ColeParmer Instrument Co., USA). The effluent samples at the outlet of the column were collected at regular time intervals, and the column was operated until the concentration of metal effluents exceeded 99.5 % of its initial concentration. The effluent concentrations were measured using an inductively coupled plasma mass spectrometer (ICP-MS, ELAN DRC-e, PerkinElmer, USA). The experiments were carried out at constant room temperature (30±1°C) without any pH adjustment. Each solution was preserved through acidification using concentrated HNO 3 and stored at 4°C prior to analysis. All methods were adapted from the standard methods for the examination of water and wastewater (APHA 1998) .
Column data analysis
The breakthrough time appearance and the shape of the breakthrough curve are substantial characteristics in determining the operational and dynamic behavior of an adsorption fixed-bed column (Ahmad and Hameed 2010; Han et al. 2009 ). The breakthrough curve is expressed in terms of the normalized concentration, which is defined as the ratio of the outlet to the inlet concentration (C t /C o ) as a function of time, where C t is the metal effluent and C o is the metal influent concentration (mg/L) (Han et al. 2009 ). The breakthrough and exhaustion points are set at 10 and 95 % which correspond to the influent concentration, respectively. The volume of treated effluent, V eff (mL), can be calculated based on the following equation:
where Q is the volumetric flow rate (mL/min) and t total is the total flow time (min). The area under the breakthrough curve represents the total mass of metal adsorbed, q total (mg) for a given feed concentration and flow rate and it can be determined through integration:
where C ad is the concentration of metal ions removal, (C ad = C t −C o , mg/L) versus time (min). The equilibrium metal uptake or adsorption capacity, q e (mg/g) is calculated as shown in the following:
where m is the dry weight of POFA in the column (g). The length of the mass transfer zone is calculated from the breakthrough curve:
where Z m (cm) is the length of the mass transfer zone, Z is the bed depth (cm), t b is the time at breakthrough (min) and t e is the time at exhaustion (min). The total amount of metal ion delivered to the column W total (mg) can be calculated from the following expression:
and the total metal removal (%) can be calculated from the ratio of metal mass adsorbed (q total ) to the total amount of metal ions delivered to the column (W total ) as follows:
Results and discussion
Palm oil boiler mill fly ash characteristics
Surface area characteristics analysis
The heated POFA was out-gassed under vacuum condition at temperature of 290°C for 9 h to remove any moisture content and surface impurities from the adsorbent surface. The surface characteristics of POFA were determined using the BET multipoint techniques using N 2 adsorption isotherm at 77 K and the results are presented in Table 1 . The average pore diameter determined by Barrett-Joyner-Halenda (BJH) method was found to be 0.35 nm with an average adsorption and desorption pore diameter of 1.53 and 1.91 nm, respectively, that apparently falls in the range of less than 2 nm, which is classified as micropore as described by the International Union of Pure and Applied Chemistry (IUPAC 1982) . In addition, according to Wang et al. (2010) , the adsorption process and capacity are generally associated with adsorbents physical characteristics such as particle size, pore diameter and quantity, and specific surface area.
Fourier transform infrared spectrum analysis
The POFA Fourier transform infrared (FT-IR) spectra samples were recorded using the Spectrum 100 that was equipped with a universal attenuated total reflectance (UATR) accessory (PerkinElmer, USA). The UATR-FTIR was readily equipped with a ZnSeDiamond crystal composite which enables samples to be examined directly without any special preparation. The functional group is one of the key elements in understanding the adsorption mechanism of metal ions on the POFA surface. FT-IR spectrum over the range of 4,000-280 cm −1 before and after the adsorption of Cd(II) and Cu(II) are depicted as spectra (a) till (c) in Fig. 1 . The FT-IR spectra (a) of raw POFA before the adsorption shows adsorption peak at 1,713.5 cm 1 corresponding to C═O stretching vibration of carboxylic acid, ketones, aldehydes, and esters. The peak observed at 1,570.5 cm −1 is the overlapping of N-H bending and stretching vibration of N═O of amines and nitro groups.
Meanwhile, the peak in the range of 1,300-1,000 cm
can be assigned to the C-O stretching vibration of esters and ethers. As shown in spectra (b), after the Cd(II) adsorption, the C═H and C-O bond stretching frequency was lowered to 1,709.4 and 1,003.2 cm −1 , respectively, while the overlapping of N-H bending and N═O bond stretching was shifted to a lower frequency region. Similar trend could also be observed in spectra (c) for Cu-loaded POFA. There are only minor differences observed from the FT-IR spectra of the POFA before and after the adsorption. Therefore, it is plausible to suggest that the presences of surface functional groups are some of the rate-limiting steps that attributed to the adsorption capacity of POFA alongside with other physicochemical characteristics such as aggregation, porosity, and specific surface area.
Effect of POFA bed depths on the breakthrough curve Figure 2 illustrates the breakthrough curves for the adsorption of Cd(II) and Cu(II) at different column bed depths of 1 cm (0.5 g), 1.5 cm (0.75 g), and 2 cm (1 g) at a constant flow rate of 5 mL/min and influent metal concentration of 20 mg/L. The adsorption column data were evaluated and presented in Table 2 . In general, metal ions adsorption in a fixed-bed column system is highly associated with the quantity of adsorbent in the column. It is apparent that as the bed depth increases, the breakthrough and exhaustion time also increases accordingly for both Cd(II) and Cu(II). However, a decreased bed depth from 2 to 1 cm will result in an increase of slope from the point of breakthrough up to the point of exhaustion causing the breakthrough curves become steeper (Fig. 2) .
The increase of the POFA mass at higher bed depth would provide a larger service area leading to an increase in the volume of treated effluent (Bharathi et al. 2011) . Despite this, an increasing trend of Cd(II) and Cu(II) uptake capacity was also observed as the bed depth increased with the highest bed capacity found to be 34.91 and 21.93 mg/g, respectively. This is due to the increased in POFA mass provided more cations fixations towards the active binding site for the occurrence of the adsorption process (Chen et al. 2012; Chowdhury et al. 2013 ). The removal efficiency of both metal ions also points to a similar trend as the bed depth increased due to the increase in the POFA dosage in higher beds which allows for greater surface area and binding sites for the adsorption.
Basically, the mass transfer zone in a column moves from the entrance of the bed and proceed towards the exit at the bottom of the column. Therefore, an increase in bed depth would broadened the mass transfer zone and create a longer distance to reach the exit resulting an extended of breakthrough time (Ahmad and Hameed 2010; Chowdhury et al. 2013 ). Nonetheless at lower bed depth, axial dispersion is the governing mechanism for mass transfer, or in other words, the (Qaiser et al. 2009 ). This could be justified further in Table 2 as the bed depth increase, so is the length of the mass transfer zone for both Cd(II) and Cu(II).
Effects of influent metal concentration on the breakthrough curve
The effect of the Cd(II) and Cu(II) influent concentrations on the breakthrough curves was investigated by varying the concentrations to 5, 10, and 20 mg/L at a constant flow rate of 5 mL/min and adsorbent bed depth of 1 cm as shown in Fig. 3 . In this study, low-range concentration of metal solution was employed to obtain a gentle breakthrough curve as industrial effluent discharge is found within this range (Sivaprakash et al. 2010) . As illustrated in Fig. 3 , the POFA beds reached faster saturation with the increasing influent metal concentration. The breakthrough curves were steeper as the influent concentration increased for both metals, indicating that higher influent concentrations led to higher driving force for mass transfer; hence, the adsorbent achieved saturation faster, which also resulted in a decreasing exhaust time (Baral et al. 2009 ). Apart from that, the breakthrough and exhaustion time also decreases with the increasing influent metal concentration due to the limited active binding sites in the surface of the POFA causing the POFA bed to be saturated at a faster rate. However, a decrease of the influent concentration will result in an extended breakthrough curve which indicates higher volume of treated effluent for both Cd(II) and Cu(II) adsorption as shown in Table 2 . This justifies the fact that the lower concentration gradient may lead to a decrease in diffusion coefficient or mass transfer coefficient that yields a slower transportation of solute (Ahmad and Hameed 2010) .
Nevertheless, the adsorption capacity for both metals increased with higher influent metal concentration, or in other words, the diffusion process is concentration dependent. This is because, with higher concentration gradient, it will result in faster transportation of solute due to an increased diffusion coefficient or mass transfer coefficient (Chen et al. 2012) . The highest bed capacities of POFA for adsorption of Cd(II) and Cu(II) were 17.12 and 12.53 mg/g, respectively, at influent metal concentration of 20 mg/L. This can be attributed to higher influent metal concentration which provides enhancement to the driving force to overcome the mass transfer barrier (Baral et al. 2009) .
Column dynamic studies
A successful design of a column adsorption process requires prediction of the concentration-time profile or breakthrough curve for the effluent. Numerous mathematical models have been developed to describe and analyze the adsorption of labscale column studies over various adsorbents for the usage in industrial applications. These mathematical models are important in comprehending the fixed-bed column dynamics and optimization of the design by reducing the amount of timeconsuming and repetitive experiments (Chu and Hashim 2007) . Therefore, the dynamic behavior of the fixed-bed column was analyzed using bed depth service time (BDST), Thomas and Yoon-Nelson models in putting forth the best fitted model for this study.
Application of the bed depth service time model
In general, the BDST equation was initially derived from the model described by Adams-Bohart (Bohart and Adams 1920) for the removal of chlorine gas by charcoal column, but was subsequently modified by Hutchins (1973) . The BDST model is one of the most simple and widely used models for describing metal ions adsorption using a packed bed system (Futalan et al. 2011) . It is used only for describing the initial part of the breakthrough curve, i.e., up to the breakpoint or 10-50 % of the saturation points (Bharathi et al. 2011 ). The BDST model is based on the assumption that the rate of adsorption is governed by the surface reaction between the adsorbate and the unused adsorbent capacity. It does not take into account the intraparticle mass transfer or the external film resistance where the adsorbate is adsorbed directly onto the adsorbent surface (Qaiser et al. 2009 ). In most cases, the BDST equation predicted a linear relationship between the bed depth and breakthrough time. The linearized form of the BDST model is as follows:
where t (min) is service time at breakthrough point, Z is the adsorbent bed depth (cm), C o is influent metal concentration (mg/L), C b is the effluent concentration at breakthrough point (mg/L), u is linear flow rate (cm/min), N o is adsorption capacity per unit volume of bed (g/L), and k a is the adsorption rate constant that describe mass transfer of metal solution from liquid to solid phase (L/mg min). The values of N o and k a were computed from the slope and intercept of the BDST plot, assuming that both the initial concentration, C o and linear velocity, are constant. The critical bed depth (Z o ) is the theoretical depth value of adsorbent that is sufficient to ensure that the effluent concentration at t=0 will not exceed the breakthrough concentration, C b . It is expressed by the following equation:
In the present study, the BDST equation was applied onto the fixed-bed column experimental data obtained from varying the bed depths at 1, 1.5, and 2 cm with a constant flow rate of 5 mL/min and influent metal concentration of 20 mg/L. Based on Fig. 4 , linear plots at different bed depths indicate the validity of the BDST model. Both plots show a straight line, indicating that the adsorption of Cd(II) and Cu(II) fits well with the BDST model. However, the coefficient of determination (R 2 ) comparison indicates that the adsorption of Cd(II) yield a higher (R 2 ) values that is 0.99 in comparison with Cu(II) that is 0.89. Meanwhile, in terms of the adsorption capacity, N o , and rate constant, k a , for Cd(II) were calculated to be 8.52 g/L, and 0.0015 (L/mg min); whereas for Cu(II), the values of N o and k a were to be 4.42 g/L and 0.0036 (L/mg min), respectively. The rate constant k a greatly influences the shape of the breakthrough curve in a fixed-bed column study. Smaller k a requires a higher bed depth to avoid breakthrough whereas the breakthrough can be eliminated even at lower bed depth if the k a value is greater (Cooney 1999) .
The critical bed depth, Z o for the adsorption of Cd(II) and Cu(II) onto POFA was determined to be 0.91 and 0.72 cm, respectively. These values indicate the theoretical length of the mass transfer zone for the POFA packed bed system. These values constitute the minimum theoretical POFA bed depth deemed sufficient for the effluent concentration at t=0 does not exceed the breakthrough concentration. Thus, plausibly, the adsorption of Cd(II) onto POFA fits the BDST model more precisely compared to the adsorption of Cu(II) assuming that the adsorption rate is directly controlled by the surface reaction between adsorbate and the unused adsorbent capacity. Other than that, the parameters obtained from the BDST model can be used for the scale-up process (Sivaprakash et al. 2010; Hasfalina et al. 2012 ).
Application of the Thomas model
Thomas model is widely used to describe the column adsorption performance and to predict the breakthrough curves. The model is based on the assumption that the process follows the Langmuir kinetics of adsorption-desorption with no axial and radial dispersion as the rate driving force obeys the secondorder reversible reaction kinetics (Thomas 1944) . The following equation expresses the linearized form of this model:
where, k Th is the Thomas rate constant (mL/min.mg), q o is the adsorption capacity (mg/g), m is the amount of adsorbent in the column (g), C o is the influent concentration (mg/L), C t is the effluent concentration (mg/ L), Q is the volumetric flow rate (mL/min), and t is time (min). The k Th , and q o , values were calculated from the slope and intercepts of linear plots of ln [(C t /C o )−1] against τ (min) using experimental data from the fixed-bed column study. 
(mL/min.mg)
Cd ( The Thomas model parameters for the adsorption of Cd(II) and Cu(II) onto the POFA at different bed depths and influent metal concentrations were evaluated using linear regression analysis and the results were presented in Table 3 . The (R 2 ) values ranged from 0.86 to 0.97 and 0.93 to 0.99 for Cd(II) and Cu(II) adsorption, respectively, indicating a good agreement and the validity of the Thomas model. From Table 3 , it is noted that the value of k Th and q o for both metal ions decreased as the influent concentration increase due to the difference in concentration during the adsorption process.
However, the values of q o increase whereas the coefficient of k Th showed a reverse trend with higher bed depth. The decrease in k Th values is due to the effect of driving force enhancement, whereas the increase of q o is resulting from the higher number of adsorption sites with the increasing bed depth in the column. Similar results have also been established by Liu and Sun (2012) for the adsorption of Cu(II) using polyaniline-coated sawdust in a fixed-bed column. The Thomas model was suitable for the adsorption process further suggesting that both the external and internal diffusions will not be the limiting step (Baral et al. 2009; Han et al. 2009; Chen et al. 2012 ).
Application of the Yoon-Nelson model
As far as this study goes, the breakthrough behavior of Cd(II) and Cu(II) onto the POFA were analyzed using a simple theoretical model constructed by Yoon-Nelson. This model is based on the assumption that the rate of decrease in the probability of adsorption for each adsorbate molecule is proportional to the probability of adsorbate adsorption and adsorbate breakthrough on the adsorbent (Yoon and Nelson 1984) . The expression of the linearized model for a single component system is established below:
where
) is the Yoon-Nelson rate constant and τ is the time required for 50 % adsorbate breakthrough (min). The values of k YN and τ were determined from the slope and intercepts of the linear plot between ln [C t /(C o −C t )] against sampling time, t (min).
Referring to the Yoon-Nelson model, the amount of adsorbate adsorbed in a fixed-bed column is half of the total adsorbate entering within 2τ period (Bharathi et al. 2011 ). Thus, the adsorption capacity of a column, q o (mg/g) can be calculated from the following equation:
where C o is the influent metal concentration (mg/L), Q is the volumetric flow rate (mL/min), and m is the dry weight of POFA in the column (g). The Yoon-Nelson model parameters for the adsorption of Cd(II) and Cu(II) onto the POFA were evaluated using linear regression analysis and the results given in Table 4. The (R   2   ) values for the adsorption of Cd(II) and Cu(II) ranged from Baral et al. 2009 0.86 to 0.97 and 0.93 to 0.99, respectively, indicating the validity of the Yoon-Nelson model for the POFA column. As shown in Table 4 , the coefficient k YN values decreases whereas τ values increase with the increasing bed depth for both metal ions. However, a trend reversal had been observed where the k YN values increase while the τ values decrease as the influent concentration increase. The increase of the k YN values is explained by the driving force enhancement in the liquid phase (Liu and Sun 2012) . Meanwhile, the value of τ drastically decreased at higher influent concentration as the saturation process of the column occurs more rapidly. In addition, the adsorption capacities increase with the increasing bed depth while a reverse in trend was obtained as the influent concentration increased. Similar value and trends were also obtained using the Thomas model, further proving that both models are suitable in describing the dynamic behavior of the POFA for the removal of Cd(II) and Cu(II) from aqueous solution.
Comparison of adsorption capacity for the removal of heavy metals using various low-cost adsorbents
Ample literature regarding the use of low-cost adsorbent for removing heavy metals has been conducted for a number of years. The adsorption capacities of different types of low-cost adsorbents used for the removal of metal ions are listed in Table 5 , in which the results from this study were also accounted for to be compared. It is found that the POFA undoubtedly contains high adsorption capacity indicating its potential to be utilized as a natural low-cost adsorbent for heavy metal removal from wastewater effluent.
Conclusions
This study demonstrates that the palm oil boiler mill fly ash (POFA) could be utilized as an effective low-cost adsorbent for the removal of Cd(II) and Cu(II) from aqueous solution in a fixed-bed column system. The uptake mechanism and breakthrough curve characteristics of both metals is strongly dependant on the column bed depth and influent metal concentration. To add, the column adsorption process was found to show better performance at higher POFA bed depth and lower influent concentration. The column experimental data were analyzed using the BDST, Thomas, and Yoon-Nelson models. The Thomas and Yoon-Nelson models were successfully applied in describing the dynamic behavior of the adsorption process, indicating that both models were very compatible for the POFA column design over a range of feasible bed depths and concentrations. However, the initial region of the breakthrough for Cd(II) was better described using the BDST model. Therefore, conclusively, the POFA has significant potential as a natural adsorbent for the treatment of metal-contaminated wastewater.
